The action of HO-1 on heme results in the generation of equimolar concentration of iron, biliverdin, and CO (15) . Once released, this iron is generally chelated by ferritin (19) , although the limits of ferritin are not known in pathological conditions. However, in conditions of persistent hemolysis and continuous supply of heme, HO-1 is overinduced and generated huge quantities of free iron, which may cross the limit of its ferritin sequestration. This chaos or failure of the cytoprotective system leads to severe oxidative stress-mediated cell death through necrosis and apoptosis (15, 20, 21) .
Malaria, one of the most devastating infectious diseases, is endemic in 91 countries. Around 40% of the world's population is at risk of acquiring this dreadful infection. Each year, there are 300 -500 million cases of malaria and 1.5-2.7 million deaths due to malaria (22) . Intravascular hemolysis is highly accelerated due to malaria infection (23) (24) (25) . In the erythrocytic stage, the malaria parasites modify the erythrocytes (26) and degrade ϳ60 -80% of the total RBC hemoglobin (27, 28) . Severe organ damage has been reported due to malaria infection (15, 28 -34) . However, the mechanism of organ damage under hemolytic conditions is not yet clear. Here, we provide evidence that intravascular hemolysis in malaria damages liver as a result of increased accumulation of free heme and reactive oxidants in liver, which favor neutrophil infiltration. We demonstrated that heme overload and oxidative stress activated the transcriptional factor NF-B, which in turn enhanced neutrophil infiltration and extravasation through the up-regulation of intercellular adhesion molecules and chemokines. Furthermore, the chelation of free iron, scavenging of reactive oxidants, and depletion of neutrophil significantly prevented liver damage during malaria in mice.
EXPERIMENTAL PROCEDURES
In Vivo Growth of Plasmodium yoelii-P. yoelii (MDR strain) is grown in vivo in male BALB/c mice (20 -25 g ) by inoculation of infected blood as described (35, 36) . Parasite burden in blood (% parasitemia) was monitored by preparing a thin smear of blood and subsequent Giemsa staining. All animals are maintained in the animal house, and procedures were conducted in accordance with the guidelines of the Institutional Animal Ethics Committee and Committee for the Purpose of Control and Supervision of Experiments on Animals.
Soret Spectroscopy to Detect Released Hemoglobin/Heme in Serum Due to Hemolysis and Assay of Liver Enzymes in Serum-
Blood was collected by puncture of the heart from different groups of mice and put into a 1.5-ml microcentrifuge tube. Serum was separated by centrifugation at 600 ϫ g for 5 min and kept at Ϫ20°C. Serum of different groups of mice was diluted (1:100) in distilled water and was analyzed in a spectrophotometer to determine the release of hemoglobin or heme from the erythrocytes in the serum. Although most of the heme in serum probably comes from hemolysis, it could also come from other sources such as muscle cells and hepatocytes. Activity of liver enzymes and bilirubin in serum of mice was measured to assess liver function. Enzyme activities of alanine transaminase (ALT), aspartate transaminase (AST), and alkaline phosphatase (ALP) were measured. We also measured the total amount of bilirubin and conjugated or direct bilirubin in serum. All assays were performed by using kits purchased from Randox Laboratories Ltd. (Ardmore, Antrim, UK). Manufacturers' instructions were strictly followed. These assays served as parameters to evaluate the extent of hemolysis and liver damage in mice.
Quantitation of Heme-Total heme or free heme was quantified in serum and liver homogenate by using Quantichrome heme assay kit (Bioassay Systems) according to the manufacturer's instructions.
Assay of HO-1 Activity-HO-1 (Hmox1) activity in liver homogenate was measured based on the amount of bilirubin formed in an assay system as described (37, 38) . Liver excised from a mouse was homogenized in a homogenization buffer (Tris-HCl, pH 7.4, 5 ml/liter Triton X-100, and protease inhibitor mixture). Liver homogenates from different groups of mice were used for the assay. The assay mixture consisted of a 1:1 mixture of liver homogenate (200 g of protein) and assay buffer (0.8 mM NADPH, 2 mM glucose 6-phosphate, 0.2 units of glucose 6-phosphate dehydrogenase, 1 mM MgCl 2 , 100 mM potassium phosphate buffer, 20 M hemin, and 2 mg of mouse liver cytosol as a source of biliverdin reductase). The final volume was made up to 1 ml. The mixture was incubated at 37°C for 1 h in the dark. Reactions were terminated by keeping the samples on ice for 5 min. The bilirubin formed was extracted in chloroform, and A 464 -530 was measured. The amount of bilirubin formed was calculated from its extinction coefficient (40 mM/liter/cm) (37) . The HO-1 activity was expressed as nanomoles of bilirubin formed per mg of protein/h.
RNA Isolation and RT-PCR-TRIzol reagent was used to isolate RNA from the perfused tissue according to the manufacturer's instructions (Invitrogen). Total RNA (2 g) was then reverse-transcribed using the RevertAid First Strand cDNA synthesis kit (Fermentas) according to the manufacturer's instructions. The cDNA obtained was diluted for PCRs. The primers were purchased from Integrated DNA Technologies Inc. (San Diego). The primers are given along with their product size in Table 1 . The cycling conditions for PCR amplification were as follows: initial denaturation at 95°C for 30 s and 40 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 60 s, respectively. The PCR products were detected with 1.5% agarose gel electrophoresis, and densitometric analysis of the bands allowed semi-quantification. The images were captured using Quantity One software (Bio Rad).
Western Immunoblotting-Liver was perfused for a long time to remove all contaminations of blood cells after which the homogenates were prepared. The perfused liver from different groups of mice was homogenized in a glass homogenizer in buffer (140 mM NaCl, 10 mM EDTA, 10% glycerol, 20 mM Tris, pH 8.0, supplemented with 1% Nonidet P-40 as detergent, and 20.000 units/ml aprotinin, 200 mM PMSF). The samples were then subjected to centrifugation for 20 min at 13,000 ϫ g at 4°C.
The supernatant (liver tissue lysate 70 g) was mixed with protein loading buffer (Fermentas) and boiled for 4 min. The proteins were separated in a 12% SDS-polyacrylamide gel at constant voltage (100 V). Proteins were then transferred to a nitrocellulose membrane in a transfer apparatus with a current intensity of 400 mA for 120 min in a 190 mM glycine, 20 mM Tris base buffer, pH 8.3. The membrane was incubated for 3 h in the blocking buffer TBS (25 mM Tris, 150 mM NaCl, 2 mM KCl, pH 7.4) to which 5% nonfat dry milk had been added. The mixture was then quickly washed with the same buffer without milk. The membrane was incubated overnight in the last buffer with 0.2% bovine serum albumin (BSA) solution containing 1:1000 anti-HO-1(Abcam), ferritin heavy chain (US Biological), anti-NF-B p65, IKK␤, IB-␣, and ␤-actin (Santa Cruz Biotechnology) for separate experiments. The membrane was then washed well with TBS containing 0.1% Tween 20. The membrane was incubated for 2 h in the same buffer containing secondary antibody (1:1000 HRP-labeled anti-rabbit or -goat IgG). The membrane was washed well with the incubation buffer. The protein detection was performed with a standard Western blot detection system. Pre-stained standards were used as molecular weight markers and were run in parallel.
Isolation of Hepatocytes from Liver and Preparation of Lysates-Hepatocytes were isolated from liver after perfusion by a two-step collagenase digestion method and purified by Percoll gradient (39) . Hepatocytes were then counted and used for further experiments. For the preparation of hepatocyte lysates, cells were lysed in 100 l of buffer (140 mM NaCl, 10 mM EDTA, 10% glycerol, 20 mM Tris, pH 8.0, supplemented with 1% Nonidet P-40 as detergent, and 20,000 units/ml aprotinin, 200 mM PMSF) by three freeze-thaw cycles and sonication, and the cytosolic fraction was prepared by centrifugation at 13,000 ϫ g for 20 min at 4°C. Protein content in supernatant was determined by the method of Lowry et al. (40) . An equal amount of protein was used for Western immunoblotting (41) .
Measurement of Free Iron-mediated Formation of Reactive Oxidants-Hepatocytes isolated from different groups of mice were loaded with DCFDA (10 M) (Molecular Probes, Eugene, OR) for 30 min in the dark. Images were captured on a fluorescence microscope using a green filter. Upon oxidation, DCFDA exhibited bright green fluorescence (excitation/emission maxima ϳ490/515 nm), which was viewed under Leica DM 2500 fluorescence microscope (Leica Microsystems, GmbH, Wetzlar, Germany) (42, 43) .
Preparation of Nuclear Extract-Nuclear extract from liver tissue was prepared with the help of two nuclear extraction buffers: Buffer I (10 mM HEPES, 1.5 mM MgCl 2 , 10 mM KCl, and 0.5% Triton X-100) and Buffer II (1 M NaCl, 0.2 M EDTA, 20% glycerol and 0.5 mM DTT). Liver tissues from different groups of mice were minced in the presence of Buffer I and then homogenized. The sample was then centrifuged, and the cytosol was separated. The pellet was resuspended in a mixture of Buffers I and II (1:1). The samples were vigorously vortexed for 30 s, kept on ice for the next 30 min, and centrifuged at high speed at 4°C. The supernatants obtained were nuclear extracts and were stored at Ϫ80°C until use.
Electrophoretic Mobility Shift Assay (EMSA)-NF-B double-stranded consensus oligonucleotides 5Ј-AGTTGAGGGG-ACTTTCCCAGGC-3Ј and 3Ј-TCAACTCCCCTGAAAGGG-TCCG-5Ј (44, 45) were used for EMSA. The probes were labeled at the 5Ј end with T4 polynucleotide kinase (Fermentas) and [␥-
32 P]ATP (PerkinElmer Life Sciences). Excess unreacted ATP was removed from the labeled probe by ethanol precipitation at Ϫ20°C (overnight) and washing with 70% ethanol. Binding reaction was performed with 10 g of nuclear protein in 10 l of binding buffer (10 mM HEPES buffer, pH 7.6, 50 mM NaCl, 1 mM EDTA, 5 mM MgCl 2 , 0.1 mM dithiothreitol, 1 mg/ml BSA and 0.05% Triton X-100). Samples were incubated for 30 min on ice. Complexes were separated by 5% native PAGE. Gels were fixed in a solution containing 30% methanol and 10% glacial acetic acid and dried in gel drying equipment. Dried gels were visualized by autoradiography. Antibody supershift assay was performed by incubating the sample with polyclonal antibodies against the p65 subunit of NF-B (Santa Cruz Biotechnology) for 30 min on ice before 32 P-labeled probe addition. A competitive assay was also done by incubating the sample with cold probe (100-fold excess) for 30 min on ice before adding 32 P-labeled probe. To analyze the results of EMSA, a densitometric quantification of each spot of film was performed.
Chromatin Immunoprecipitation (ChIP)-Liver from different groups of mice were slightly minced and washed in cold PBS. After removal of PBS, the tissues were fixed in 1% formaldehyde in PBS. Nucleus was isolated as mentioned previously. Chromatin was sheared by sonication (10 times for 10 s at onefifth of maximum power), centrifuged, and diluted in dilution buffer (50 mM Tris, pH 8.0, 5 mM EDTA, 0.2 M NaCl, and 0.5% Nonidet P-40). Extracts were pre-cleared for 2 h with a nonspecific antibody bound to protein A-Sepharose. For immunoprecipitation, 5 l of anti-NF-B p65 (Santa Cruz Biotechnology) was added to protein A-Sepharose and incubated for 3 h. The unbound antibodies were removed by washing. The blocking step was performed with herring sperm DNA, which was added to the anti-NF-B-protein A-Sepharose complex. A brief washing was done after blocking. The pre-cleared liver lysates were added and left overnight at 4°C. Immune complexes were collected with protein A-Sepharose after a series of washings as follows: once in washing buffer (20 mM Tris, pH 8.0, 0.1% SDS, 0.5 M NaCl, 2 mM EDTA, and 1% Nonidet P-40) and once in 0.5 M LiCl, followed by three washes with TE buffer. Immune com- plexes were extracted three times with 100 l of extraction buffer (TE buffer containing 2% SDS). DNA cross-links were reverted by heating for 8 h at 65°C. After proteinase K (100 g for 2 h) digestion, DNA was extracted with phenol/chloroform and precipitated in ethanol. PCR was done both with DNA isolated from an aliquot of the total nuclear extract (input) and DNA isolated from the immunoprecipitated complex. Mouse Icam1 promoter-specific primers (given in Table 1 ) were used for PCR at optimal PCR conditions and annealing was at 59°C for 30 s. The PCR products were then analyzed in a 1% agarose gel. Quantitation of precipitated DNA relative to input DNA was undertaken using Quantity One software (Bio-Rad).
Isolation of Neutrophil from Mouse Blood-Neutrophils were isolated from mouse blood as described (46) . Neutrophil was isolated from mouse blood using the Histopaque gradient technique with slight modifications. 5 ml of mouse blood was slowly layered onto an equal volume of Histopaque (1077 mg/ml) in a 15-ml tube. This results in the formation of a two-step gradient. Then the tube was centrifuged at 400 ϫ g for 45 min in a swinging rotor. The upper phase was discarded, and 2 ml of 6% dextran solution (M r 250,000 -500,000) was added. The volume was increased to 7 ml with phosphate-buffered solution and homogenized. The tube was then incubated at 37°C for 20 min. The supernatant was then centrifuged at 270 ϫ g for 10 min. To remove erythrocytes, the pellet was then suspended in 0.83% (w/v) NH 4 Cl and kept for 5 min after which it was again centrifuged at 480 ϫ g for 10 min. Finally, the cells were washed with Hanks' balanced salt solution by centrifugation at 270 ϫ g for 8 min and suspended in 1 ml of HBSS with 0.1% gelatin.
Neutrophil Adhesion Assay-Neutrophil adhesion assay was performed as described by Wiemer et al. (47) . This gives a quantitative measurement of the number of neutrophils that adhere to hepatocytes isolated from different groups of mice under similar conditions. First, neutrophils were labeled with calcein-AM (Invitrogen) in a medium containing 1.93 M of the cell-permeable fluorescent indicator, calcein-AM (Invitrogen), for 15 min at 37°C and 7.5% CO 2 . The excess fluorescent dye was removed by washing the neutrophils with PBS without Ca 2ϩ /Mg 2ϩ . Neutrophils were then diluted to a concentration of 1 ϫ 10 6 cells/ml in Dulbecco's phosphate-buffered saline (D-PBS) without Ca 2ϩ /Mg 2ϩ for the standard curve or in a medium for further experiments. Prior to this experiment, hepatocytes were isolated from different groups of mice. The live cells were counted after isolation and washed well. Then the plates were coated with equal number of live cells. Neutrophils were then allowed to adhere for 30 min on hepatocyte-coated black medium-binding 96-well plates. After 30 min of incubation of the hepatocytes with the neutrophils, unbound neutrophils were removed by washing. Measurement of fluorescence was done at an excitation/emission of 485/535 nm using a Hitachi F-2500 fluorescence spectrophotometer. All samples were run in triplicate. The number of neutrophils adhered were counted with the help of a standard curve.
Neutrophil Migration Assay-Neutrophil migration or chemotaxis toward homogenates of liver from different groups of mice was studied in a Transwell system (Corning, NY) using 5-m polycarbonate membrane (34) . Livers from different groups of mice were weighed and homogenized in an equal volume of PBS (Ca 2ϩ /Mg 2ϩ -free) and centrifuged to collect the cytosol. An equal volume of all samples was then loaded in the bottom wells. Neutrophils present in RPMI 1640 medium (5 ϫ 10 4 /50 l) were added to the upper wells and incubated for 2 h at 37°C under 5% CO 2 atmosphere. The number of migrated neutrophils was counted on Neubauer chambers. As a positive control, 1 nM leukotriene B 4 was taken in the bottom wells, and for negative control only PBS was used. The ratio of the migrated neutrophils in the presence of samples or leukotriene B 4 and the number of neutrophils migrated only in presence of PBS (Ca 2ϩ /Mg 2ϩ -free) is referred to as chemotactic indices. Detection of Neutrophils, Immunohistochemistry for Neutrophil Infiltration, and Myeloperoxidase (MPO) Assay-Neutrophil infiltration in the liver was detected with the help of immunohistological study using primary neutrophil marker antibody (NIMP-R14) (Santa Cruz Biotechnology) and measuring MPO chlorination activity. For immunohistological characterization, specimens of liver were fixed in neutral buffered formalin, embedded in paraffin, cut in a microtome to 3-5 m thickness, and affixed onto the slide. This was followed by deparaffinization in xylene, rehydration in graded ethanol, proteolytic antigen retrieval, washing in TBS plus Triton X-100 (0.025%), blocking with 1% BSA in TBS, treatment with primary neutrophil marker antibody (NIMP-R14), treatment with FITCconjugated secondary anti-rat antibody, washed well, and counter-stained with the fluorescent nucleic acid stain, DAPI. The slides were viewed under ϫ20 objective of a Leica DM 2500 fluorescence microscope (Leica Microsystems, GmbH, Wetzlar, Germany).
The measurement of MPO-chlorinating activity was based on the chlorination of taurine with the MPO/H 2 O 2 /Cl Ϫ system (48). Prior to the start, preparation of TNB from DTNB was done. The pH of a 2 mM DTNB solution was raised to 12 to prepare TNB. TNB concentration was detected spectrophotometrically at 412 nm (extinction coefficient was 14,100 M Ϫ1 cm Ϫ1 ) (48) . Livers excised from different groups of mice were homogenized in PBS, pH 7.4, and were centrifuged at 10,000 ϫ g for 10 min, and the supernatant was discarded. The pellet was then dissolved in ice-cold solubilization buffer containing 0.5% hexadecyltrimethyl ammonium bromide in PBS, pH 7.4. The samples were then sonicated and freeze-thawed three times to ensure lyses. Samples were then centrifuged at 12,000 ϫ g for 30 min at 4°C, and the supernatant was used for this assay. The temperature of the water bath was fixed at 25°C, and the tubes containing 880 l of PBS, pH 7.4, and 80-l tissue samples were incubated for 5 min in the water bath. Then 40 l of 2.5 mM H 2 O 2 was added and mixed well. The reaction was terminated after 30 min by adding 40 l of catalase, and 100 l of TNB was added to each well. Hypochlorous acid reacts with taurine to produce taurine chloramine, which then reacts with yellow TNB to produce colorless DTNB. The absorbance was measured at 412 nm after 20 min. The decrease in TNB concentration was proportional to the amount of MPO in the sample, and MPO activity was expressed as units/g wet liver. One unit is the amount of MPO that can produce 1.0 nmol of taurine chloramine, which in turn can oxidize 2.0 nmol of TNB to DTNB under the given assay conditions.
Depletion of Neutrophils-Neutrophil depletion was performed as described (49) in mice by intraperitoneal administration of 100 l of anti-PMN antibody (host species, rabbit) (Accurate Chemicals, Westbury, NY) diluted 10 times in normal saline to make a total volume of 1 ml from day 3 to day 7 postinfection. Equal amounts of normal serum from rabbit was administered in separate groups of control and malaria-infected mice.
Estimation of TNF␣ in Serum and TNF␣ Neutralization-TNF␣ was measured from the serum of mice using an ELISA assay kit (RayBiotech, Inc., Norcross, GA).
TNF␣ neutralization in mice was done by intraperitoneal administration of 200 g of anti-TNF␣ antibody (host species, hamster) (e-biosciences) from day 3 to day 7 postinfection (23). Neutralization of TNF␣ was confirmed by ELISA of serum samples. Equal amounts of normal serum from hamster were administered in separate groups of control and malaria-infected mice.
Animal Treatment with Deferoxamine Mesylate (DFO) and N-Acetylcysteine (NAC)-Male BALB/c mice (20 -25 g) with infection on "day 0" were treated as "control" group. Infected mice attained a parasitemia of 30 -35% on day 4 and a peak parasitemia of 65-70% on day 8. Infected mice were treated with DFO and NAC, purchased from Sigma from the 3rd day of infection until the 7th day of infection, and experiments were performed on day 8. These treated groups of mice are referred to as "day 8 ϩ DFO"-and "day 8 ϩ NAC"-treated groups. There were six animals in each group. The dose of DFO and NAC was selected after a series of studies, and the optimal doses were reported. DFO was administered two times per day at 300 mg/kg, and NAC was administered once a day at 250 mg/kg for 5 consecutive days. All the drugs were administered intraperitoneally in water.
Measurement of Oxidative Stress in Liver-Lipid peroxidation was monitored in tissue by measuring the formation of thiobarbituric acid-reactive substances. The thiobarbituric acid-reactive substance were measured as described before (50, 51) . A 5% homogenate of liver of different groups of mice was prepared in ice-cold 0.9% saline. Then 1 ml of each homogenate was mixed with a 2-ml solution containing trichloroacetic acid/ thiobarbituric acid (0.375% w/v, 15% w/v, respectively) in 0.25 N HCl and 0.01% butylated hydroxytoluene. This was subjected to heating in a boiling water bath for 15 min and cooled at room temperature. The supernatant obtained after centrifugation of these samples was used for the spectrophotometric measurement of thiobarbituric acid-reactive substance at 535 nm. Tetraethoxypropane was taken as standard.
Protein carbonyl, a marker for oxidative stress, was measured as described previously (52) . The livers from different groups of mice were homogenized in 50 mM sodium phosphate buffer, pH 7.4, to obtain a 10% homogenate. The samples were then centrifuged at 600 ϫ g for 10 min, and the proteins in the supernatants were precipitated with 5% trichloroacetic acid. To the precipitated proteins 0.5 ml of 10 mM 2,4-dinitrophenylhydrazine was added and kept for 1 h. Next, the proteins were precipitated with 10% trichloroacetic acid and washed three times with a solution of ethanol/ethyl acetate (1:1). The samples were then dissolved in 0.6 ml of a solution containing 6 M guanidineHCl in 20 mM potassium phosphate (pH 2.3 with trifluoroacetic acid). The samples were subjected to centrifugation, and the supernatant was used for spectrophotometric measurement of carbonyl content at 362 nm.
Detection of Apoptosis, Caspase-3 Activity, and Terminal Deoxynucleotidyltransferase dUTP Nick End Labeling (TUNEL) Assay-Caspase-3 activity assay in liver homogenate was determined with a commercially available kit (Sigma) (36, 53) . The absorbance of p-nitroanilide released from caspase-3 specific substrate (Ac-DEVD-p-nitroanilide) was measured at 405 nm in a microtiter plate reader. Results of caspase-3 activity are expressed as picomoles/mg of protein/min. Mean values of triplicate measurements were presented. TUNEL assay was performed to detect hepatic DNA fragmentation characteristic of apoptosis in liver sections with the help of DeadEnd TM colorimetric TUNEL system (Promega, Madison, WI) (35, 54) . Briefly, paraffin-embedded liver sections from different groups of mouse livers were deparaffinized and then washed with PBS. The instructions given in the technical bulletin were strictly followed. Finally, the tissue sections were mounted in 80% glycerol, and the slides were observed in a light microscope.
Data Analysis-Data from all experiments were expressed as means Ϯ S.E. Calculations of the levels of significance were based on unpaired Student's t test and one-way analysis of variance as applied. A p value less than 0.05 (p Ͻ 0.05) was taken as statistically significant.
RESULTS

Association of Hemolysis with Liver Damage in Malaria-
To measure the impact of hemolysis on liver damage in malaria, we inoculated parasite (P. yoelii)-infected RBC to develop infection in mice, and in this process the parasite will not infect liver. The extent of hemolysis was analyzed through Soret spectroscopy by measuring extracellular hemoglobin or free heme in serum on day 0 (Ͻ1% parasitemia), day 4 (30 -35% parasitemia), and day 8 (65-70% parasitemia) of postinfection (Fig. 1A) . The level of serum hemoglobin (absorbance at 412 nm) increased with the increase of parasite burden with time indicating a positive correlation between parasite burden and hemolysis. Oxidation of free hemoglobin in serum leads to the formation of free heme in serum (7) . Therefore, we measured the level of free heme, a major hemoglobin degradation product in serum (Fig. 1B) . Results indicated a steady increase of free heme in serum with the increase of parasite burden with time. Free heme concentration was ϳ16 M in serum collected from malaria-infected mice on day 8. The presence of both free heme and hemoglobin in serum is an indication of severe hemolysis in malaria-infected mice. We also observed increased levels of ALT, AST, and ALP in serum, which are cellular markers for hemolysis. A significant increase of the level of these enzymes was correlated well with the increase of parasitemia with time after infection (Fig. 1C) . The levels of ALT, AST, and ALP increased by ϳ6-, ϳ4-, and ϳ3-fold in malaria-infected mice on day 8. The increased level of these marker enzymes in serum not only indicates hemolysis but also indicates liver injury. Therefore, we were interested to evaluate the status of liver function under this hemolytic condition. To resolve this issue, we measured the direct and total bilirubin, a better indicator of liver injury, under hemolytic conditions. We observed a significant increase in conjugated bilirubin (Fig. 1D ) in serum of infected mice with the progress of infection indicating liver damage. It appeared that damage of the liver was positively associated with the severity of intravascular hemolysis as evident from the level of hemoglobin and free heme in serum in infected mice (Fig. 1) .
Evidence for Free Heme Overload and Reactive Oxidants in Liver of Infected Mice-Hemolysis results in a high amount of free heme in blood, which is carried to the liver by hemopexin where the heme-hemopexin receptor on the hepatocyte membrane allows its entry inside the cells (8, 55) . Under high hemolytic conditions, there are also other nonspecific ways for heme entry in the liver (56) . Therefore, we quantified the amount of the total and free heme present in the liver in infected mice ( Fig.  2A) . The data indicate an increase of both total and free heme by 3-fold in the liver of mice on day 8 postinfection. Total heme takes into account both the heme present in all hemoproteins and the free heme in the liver. Overload of heme in the liver stimulated HO-1 activity significantly in malaria-infected mice with the increase of parasite burden (Fig. 2B) . We also measured the expression of HO-1 and observed that both its transcript and protein levels were significantly elevated in infected mice as revealed by RT-PCR (Fig. 2C) and Western immunoblot (Fig. 2D) with the progress of infection. However, despite overinduction of HO-1, free heme accumulated in the liver indicating that HO-1 could not act on all the heme molecules under acute hemolytic conditions. Heme, when degraded by HO-1, results in the formation of Fe(II). Free iron may also be produced due to the reaction of free heme with H 2 O 2 . The free iron produced was removed from the tissue by ferritin to neutralize its pro-oxidant effect. The expression of ferritin was also found to be augmented in the liver of infected mice as revealed by RT-PCR (Fig. 2C) and Western immunoblot (Fig. 2D) . It is proposed that the continuous supply of free heme to the liver in malaria induced HO-1, which consequently produced a huge quantity of free iron by degrading free heme. Ferritin, however, was induced under these circumstances in the liver to sequester free iron but may have failed to prevent the immediate oxidative stress under severe conditions of infection.
Increased hepatic free heme may favor the generation of reactive oxidants because of their pro-oxidant nature. Heme may be degraded either by HO-1 or H 2 O 2 . This will result in the generation of free iron (Fe 2ϩ ), and subsequently free iron may lead to the generation of oxidants. DCFDA (Molecular Probes, Invitrogen), a fluorescent redox indicator probe, was used to see the alterations in free iron signaling in hepatocytes isolated from the liver of infected mice (42) . The data indicated a significant alteration in redox reactions mediated by free iron or the presence of one-electron-oxidizing species (green fluorescence), and it was found to be increased again with the progress of parasitemia with time (Fig. 3) .
NF-B Overexpression and Activation in Liver during
Malaria Infection-Excessive alteration of redox reactions may be a cause of oxidative stress that can stimulate NF-B in the liver of infected mice. NF-B is a major transcription factor controlling a wide array of genes (57, 58) . We were interested to find out the response of NF-B in liver in hemolytic conditions. Activation of NF-B under conditions of oxidative stress is dependent on its upstream proteins IKK␤ and IB. IKK␤ stimulation or reactive oxidants stimulate IB degradation, which activates NF-B and allows it to translocate from the cytosol to the nucleus (59). We performed Western immunoblotting to determine the levels of IKK␤, IB, and NF-B in the liver of infected mice. The data indicated that the expression of IKK␤ was induced with the increase of parasite burden with time (Fig.  4, A and B) . Densitometric analyses revealed an ϳ3-fold increase in the expression of IKK␤ in the liver of malaria-infected mice on day 3 and 5-6-fold increase in liver of malariainfected mice on day 8 (Fig. 4B) . We found an increase of IB degradation in the liver of infected mice in parallel to the increase of IKK␤ expression (Fig. 4, A and B) . IB degradation can be mediated by IKK or by direct effect of increasing reactive oxidants. NF-B expression was also found to be enhanced in parallel with the increase of postinfection period (Fig. 4, A and  B) . IB degradation led to activation of NF-B and its transport inside the nucleus as revealed by electrophoretic mobility shift assay (EMSA) (Fig. 4C) . No detectable complex was formed when a protein of the nuclear extract obtained from mouse liver on day 0 postinfection was subjected to EMSA with an oligonucleotide probe containing the NF-B-binding sequence (Fig.  4C, lane 1) . In contrast, a clear shift of band was observed using nuclear extracts from the liver of infected mice on day 4 postin- fection, which increased significantly with time until day 8 (Fig.  4C, lanes 2 and 3) indicating the formation of NF-B⅐DNA complex. The NF-B⅐DNA complex formation was completely inhibited in the presence of an excess of unlabeled oligonucleotide probes indicating the specificity of binding (Fig. 4C, lane 4) . No band was detected when a free labeled probe was run in absence of nuclear extract (Fig. 4C, lane 5) . A distinct supershifted band was detected when the nuclear extracts of liver of severely infected mice were incubated with the NF-B antibody (Fig. 4C, lane 6) . Densitometric analyses of the NF-B⅐DNA complex revealed ϳ1.7-and ϳ2.5-fold increase in day 4 and day 8 postinfected liver nuclear extracts (Fig. 4D ). An increase in the NF-B level in the nuclear extract was confirmed through immunoblotting and subsequent densitometric analysis. The data were normalized with the band obtained by using a control antibody against histone H3 (Fig. 4E) .
We purified hepatocytes by Percoll gradient to demonstrate NF-B activation in the hepatocyte. Cell lysates and nuclear extracts were prepared from these purified hepatocytes for Western immunoblotting. Data indicated that there was a significant increase in NF-B levels both in the lysate and in the nuclear extracts indicating translocation of NF-B in the nucleus (Fig. 4, F and G) .
Expression of Adhesion Molecules, Neutrophil Adhesion, and Chemotaxis in Liver of Infected Mice-NF-B activation leads
to the induction of endothelial cell adhesion molecules and chemokines, which promote neutrophil infiltration and adhesion (58) . RT-PCR data documented that adhesion molecules and chemokines were significantly induced in liver with the increase of parasitemia (Fig. 5A) . The expressions of Icam1, Vcam1, Cxcl1 (KC), and Cxcl2 (MIP-2) were significantly high with the progress of infection with time (Fig. 5A) . The fold increment of the expression was analyzed by densitometric analysis of the transcript of these genes with respect to the control (Fig. 5B ). All the above mentioned genes have a B binding sequence in their promoters, and B binding results in the induction of expression of these genes. We performed a ChIP assay to check the binding of NF-B to the promoter. We chose to study the binding of NF-B to Icam1 promoter, a rep- resentative of the above mentioned genes. Isolated chromatin from days 0, 4, and 8 postinfected mice were immunoprecipitated by anti-NF-B p65 antibody or rabbit IgG (as negative control). PCR analysis showed that NF-B p65 antibody precipitated the Icam1 promoter region from infected mice (Fig. 5C,  top panel) , whereas the same from control mice (day 0 infected) did not demonstrate any significant DNA binding (Fig. 5C, top  panel) . Chromatin samples immunoprecipitated by rabbit IgG did not exhibit any DNA binding as revealed by PCR analysis (Fig. 5C, 2nd panel) . Input samples confirmed equal loading of samples. Therefore, data revealed a steady increase in the binding of NF-B to Icam1 with increase in time after infection (Fig. 5C). Furthermore, to confirm the increase in endothelial cell adhesion molecules on the surface of hepatocytes, cells were isolated from the liver of infected mice. Incubation of calceinlabeled neutrophils with hepatocytes clearly indicated that adhesion of neutrophils to hepatocytes from infected mice significantly increased with time after infection as evident from fluorescence intensity. This increase in adhesion of neutrophils was positively correlated with parasite burden (Fig. 5D) . Furthermore, we performed neutrophil chemotaxis assays to document neutrophil attraction toward the liver homogenate of mice, which was prepared after extensive perfusion of the tissue. The chemotaxis of neutrophil was represented as chemotactic index, and it was positively correlated with the increase of parasite burden and hemolysis (Fig. 5E) .
Evidence for Neutrophil Infiltration in Liver and Its Effect on Liver Damage during Malaria-
The data indicated a significant infiltration of neutrophils in liver sinusoids and extravasation inside the liver parenchyma cells during malaria in mice (Fig. 6) . The presence of neutrophils in liver was assessed by immunofluorescence studies with neutrophil marker antibody (Fig. 6, A and B) . In the liver of infected mice on day 0, insignificant infiltration of neutrophils was evident (Fig. 6, A and B) . However, neutrophil infiltration was found to be prominent and increased gradually with the severity of parasitemia. In the liver of infected mice on day 4 postinfection, the number of neutrophils (as indicated by green fluorescence of neutrophilbound neutrophil marker (NIMP-R14) antibodies) in the sinusoids and parenchyma was comparatively less than in the liver of mice on day 8 postinfection (Fig. 6, A and B) . MPO activity in the liver of infected mice was measured for further confirmation of neutrophil infiltration. MPO chlorination activity was found to be increased with the increase of parasite burden and hemolysis (Fig. 6C) .
We used an anti-PMN antibody to deplete neutrophils in mice to confirm the role of neutrophils in liver damage in malaria. Depletion of neutrophils was carried out by administration of anti-PMN antibody daily from day 3 to day 7. Neutrophil depletion prevented oxidative stress as evident from reduced lipid peroxide and protein carbonyl formation (Fig.  6D) . Neutrophil depletion also inhibited the induction of apoptosis as evident from caspase-3 activity assay (Fig. 6E) . Subsequently, neutrophil depletion in malaria-infected mice significantly reduced the activity of serum marker enzymes for liver function like ALT, ALP, and AST ( Table 2 ) and levels of conjugated and unconjugated bilirubin in serum (Fig. 6F) . No significant change was noticed in malaria-infected mice, which received normal rabbit serum with respect to malaria-infected mice, which did not receive any serum or antibody (Table 2) . Therefore, we conclude that neutrophil depletion significantly prevented liver injury in malaria-infected mice.
Role of TNF␣ in Mediating Liver Injury-Accumulation of free heme in liver may also mediate its cytotoxic effects by sensitizing the hepatocytes to TNF␣-mediated apoptosis (23) . TNF␣ also plays a major role in neutrophil infiltration in liver and other organs (60 -62) . We were interested to find out the possible role of TNF␣ in liver injury in malaria. We found a significant increase in TNF␣ level in the serum of infected mice, which positively correlated with the degree of infection and hemolysis (Fig. 7A) . To understand the role of TNF␣ in liver injury, we neutralized TNF␣ by injecting anti-TNF␣ antibody daily from day 3 to day 7 postinfection. We found that TNF␣ neutralization resulted in a significant decrease in MPO in the liver as evident from the MPO chlorination assay in liver homogenates indicating significant inhibition of neutrophil infiltration in the liver (Fig. 7B) . Subsequently, we measured caspase-3 activity to determine whether or not TNF␣ neutralization inhibited hepatocyte apoptosis. Data indicated hepatocyte apoptosis was reduced as evident from caspase-3 activity (Fig. 7C) . Finally, we assayed AST, ALP, ALT, and bilirubin in the serum of malaria-infected mice after TNF␣ neutralization to understand the effect of TNF␣ neutralization on liver injury in malaria. Data indicated significant reduction of the bilirubin level (Fig. 7D ) and liver marker enzyme activity in malaria-infected mice after TNF␣ neutralization ( Table 2 ). Administration of hamster serum in malaria-infected mice (negative control) did not show any significant alteration with respect to malaria-infected mice, which did not receive any serum or antibody (Table 2) . Therefore, we conclude that TNF␣ neutralization prevented neutrophil infiltration in the liver of malariainfected mice and significantly prevented malaria-induced liver damage.
Chelation of Iron and Scavenging of Reactive Oxidants Inhibit NF-B Activation, Expression of Endothelial Cell Adhesion
Molecules, Neutrophil Infiltration, and Liver Injury-Both TNF␣ and free heme can induce oxidative stress and neutrophil infiltration in liver during malaria. To assess the role of free iron derived from heme and reactive oxidants derived from both heme and TNF␣ in liver injury, we administered DFO, which is an iron chelator (63), scavenger of reactive oxidants (64) , and interacts with heme (65) . Furthermore, we also used N-acetylcysteine (NAC), which is a scavenger of reactive oxidants and is devoid of iron-chelating or heme-interacting properties. DFO and NAC inhibited NF-B activation in the liver of infected mice as documented by EMSA (Fig. 8A) . The NF-B⅐DNA complex formation was significantly reduced in DFO-and NAC -treated mice liver as revealed by EMSA and densitometric analyses (Fig. 8, A and B) . Immunoblot of nuclear extracts and densitometric analysis indicated a significant decrease of NF-B inside the nucleus (Fig. 8, C and D) in DFO-and NACtreated infected mice. Thus, the data support that free iron and reactive oxidants are responsible for NF-B activation in liver under severe hemolytic conditions in malaria. ChIP assay was performed to check the binding of NF-B to the Icam1 promoter, one of the downstream genes of NF-B. Chromatin isolated from the liver of DFO-and NAC-treated malaria-infected mice 8 days after infection were immunoprecipitated by anti-NF-B p65 antibody or rabbit IgG (as negative control). PCR and densitometric analyses showed that the Icam1 promoter region precipitated by NF-B p65 antibody was significantly reduced in DFO-and NAC-treated mice. Thus, data revealed that DFO and NAC significantly inhibited the binding of NF-B to Icam1 in the liver of malaria-infected mice (Fig. 8, E and F) . Furthermore, we performed PCR and densitometric analyses of some of the genes downstream to NF-B activation like the endothelial cell adhesion molecules Icam1 and Vcam1 and the chemokines KC and MIP-2. Data revealed that the expression of these genes was also significantly reduced by DFO and NAC C, assay of MPO activity (a marker enzyme for neutrophil) in liver of infected mice on day 0, 4, and 8 postinfection. D, fold increase of lipid peroxidation and protein carbonylation in malaria-infected mice on day 8, which received either rabbit serum or anti-PMN antibody from day 3 to 7 postinfection. E, measurement of caspase-3 activity in malaria-infected mice on day 0 and day 8 after infection, treated with either normal rabbit serum or anti-PMN antibody. F, measurement of bilirubin in malaria-infected mice treated with normal rabbit serum or anti-PMN antibody. Malaria-infected mice on day 0 is considered as control. The details of the methodology are described under "Experimental Procedures." Data are presented as mean Ϯ S.E. (**, p Ͻ 0.01 versus control; ##, p Ͻ 0.01 versus infected mice on day 0 treated with normal rabbit serum; #, p Ͻ 0.01 versus infected mice on day 8 treated with normal rabbit serum, n ϭ 6). (Fig. 9A) . Results of immunofluorescence studies confirmed that administration of DFO and NAC in infected mice significantly inhibited neutrophil extravasation in liver as evident from neutrophil count (Fig. 9B) . To confirm our results, we performed MPO chlorination assay of the liver samples obtained after treatment with DFO and NAC and found that there was a significant inhibition in MPO activity (Fig. 9C) . Therefore, we conclude that free iron and reactive oxidants Liver function tests in malaria-infected mice on day 8 postinfection (p.i.) with or without administration of DFO (300 mg/kg) ϫ 2 and NAC (250 mg/kg) mice for 5 consecutive days (3-7 days). The activity of the liver enzymes in serum is expressed in units/liter. Malaria-infected mice on day 0 is considered as control. The details of the methodology are described under "Experimental Procedures." produced due to hemolysis in malaria are responsible for neutrophil infiltration and extravasation in liver. Finally, we were interested to see the effect of DFO and NAC on liver dysfunction under hemolytic conditions in malaria.
Biochemical analysis of liver function
Both DFO and NAC reduced the generation of reactive oxidants in liver, as revealed by decrease in DCFDA-positive cells. We found that DFO and NAC also significantly prevented oxidative stress as measured by lipid peroxidation and protein car- bonylation in the liver of infected mice (Fig. 10A) . Reactive oxidants have been reported to be the cause of apoptosis to damage liver (35, 36) . DFO and NAC significantly prevented apoptosis in infected mice as evident from the inhibition of caspase-3 activity (Fig. 10B ) and the decrease in the number of TUNELpositive cells (Fig. 10C) . Finally, to investigate whether DFO and NAC could protect liver from damage in malaria, we measured bilirubin levels in serum after treatment with DFO and NAC. Data indicated that both DFO and NAC significantly prevented liver injury as evident from reduced levels of conjugated bilirubin (Fig. 10D) . The activity of ALT, AST, and ALP levels in serum was also significantly reduced in DFO-and NAC-treated mice (Table 2) . Therefore, data confirmed that both DFO and NAC protected the liver under conditions of persistent hemolysis.
DISCUSSION
We have presented evidence to support a positive correlation between intravascular hemolysis and liver damage using malaria as a model where hemolysis is prevalent. The data indicate that under hemolytic conditions, the overload of heme in liver leads to oxidative stress, which promotes neutrophil infiltration and extravasation in liver through activation of NF-B, which further aggravates liver damage through the generation of exogenous reactive oxidants. Thus, a vicious cycle of reactive oxidant generation is created to damage liver.
Rodent malaria is an excellent model to explore the impact of persistent hemolysis on organ dysfunction, particularly highly vascular liver (23) . Malaria infection-induced liver injury has been reported by many workers (23, 35, 66 -69) , but the reason is not clear. It is clear that the erythrocytic stage of the life cycle is mainly responsible for hepatopathy or host pathology (23, 35, 66 -69) . We have inoculated mice with malaria parasite (P. yoelii)-infected mouse RBCs (erythrocytic phase) to develop infection. Because the erythrocytic stage of the malaria parasite cannot infect the hepatocytes, it is reasonable to assume that the effect, if any, on liver is not due to parasite invasion to hepatocytes but is due to the toxic products or factors released in blood as result of parasite infection (30, 31, 35) . Earlier reports suggest that liver damage occurs in malaria-infected mice due to oxidative stress-mediated apoptosis (23, 35, 36) . However, the correlation between hemolysis and liver damage, if any, is not yet established. Our work was targeted to explore the link between hemolysis and liver damage using malaria as a model.
We found severe hemolysis in our model of malaria-infected mice, which subsequently led to heme overload in liver and induced HO-1 and ferritin overexpression. The data indicate that under severe and persistent hemolysis, HO-1 failed to act on all the free heme causing heme overload in liver. HO-1 acts on heme to produce free iron [Fe(II)], which is also a pro-oxidant as it can act as a source of hydroxyl radical ( ⅐ OH). Although iron may be sequestered by ferritin, ferritin may not be able to counter the immediate oxidative stress. Malaria infection also causes an increase in TNF␣ in serum. Heme also sensitizes cells to undergo TNF␣-mediated cell death through oxidative stress (23) . Therefore, we hypothesize that heme overload in liver is the cause of tremendous reactive oxidant generation in the liver under conditions of severe and persistent hemolysis through Fe(II)-mediated reactions and through synergistic action with TNF␣.
Reactive oxidants can regulate NF-B in a number of ways (70) , and reactive oxidant-induced NF-B activation is well documented (71) (72) (73) . The mechanism of reactive oxidant-induced NF-B is also elusive (70, 74) . Although NF-B has been shown to have an anti-apoptotic effect, it can also be pro-apoptotic under certain conditions (75) . TNF␣ can also stimulate NF-B activation (76) . NF-B regulates the expression of a wide array of genes required for various cellular processes such as inflammation, immunity, cell proliferation, and apoptosis (57, 58) . Inappropriate regulation of immune and inflammation cascades causes severe liver injury (77, 78) . Therefore, we were interested to find out the response of NF-B in liver under conditions of acute hemolysis. We found a signification increase in NF-B activation in malaria, which is increased with hemolysis. NF-B signaling is very much related to neutrophil infiltration and inflammation in many diseases (79 -81) . We further explored whether activation of NF-B can cause neutrophil activation in liver under hemolytic conditions. Activation of NF-B enhances the expression of CXC chemokines in the hepatocytes like KC and MIP-2. These together with other inflammatory mediators can increase the expression of ␤ 2 integrins like CD11b/CD18 and many receptors on the surface of the neutrophils (82) . Furthermore, they also activate the machinery for generation of reactive oxidants in the neutrophils (82) . However, this is not enough to cause damage to the liver (82) . Neutrophil extravasation in the liver parenchyma from the hepatic microvasculature is essential for liver injury (82) . We observed extravasation of neutrophils in the liver of malaria-infected mice. This can be accredited to both enhanced reactive oxidant generation and production of chemokines in apoptotic and necrotic liver cells. Data from neutrophil migration assay suggested that the ability to attract neutrophils by malaria-infected liver increases with time of infection. The observed chemotactic changes in the liver homogenate, obtained after an extensive perfusion, may be due to many factors. The increased levels of chemokines due to oxidative stress-mediated NF-B activation in the liver are one of the reasons. Heme has been shown to induce neutrophil chemotaxis (34) . Hemozoin is also pro-inflammatory in nature (83, 84) . We propose that heme and chemokines in the liver homogenate of malaria-infected mice act as major chemoattractants for neutrophil. However, we cannot ignore the possibility of proteins of parasite origin (antigens) to act as chemoattractants. Although intra-erythrocytic stages of parasites do not infect the hepatocytes, they may exist in the blood vessels of liver. We have perfused the liver, and therefore the parasites in the blood were completely removed. However, there may be a possibility of the presence of proteins, which are secreted by the parasite that may enter the liver and act as chemoattractants.
Once the neutrophils enter liver parenchyma, ␤ 2 integrins interact with adhesion molecules like Icam1 and Vcam1 on the hepatocytes resulting in adhesion of neutrophils to the hepatocytes. The expression of Icam1 and Vcam1 are also induced by activated NF-B by binding to the promoter of these genes. Adhesion of neutrophils to hepatocytes triggers the generation of tremendous amount of reactive oxidants. Neutrophil adhesion assay confirmed that hepatocytes isolated from malariainfected liver cells on day 8 can allow adherence of higher number of neutrophils compared with the infected liver cells on day 0. NADPH oxidase in activated neutrophils generates superoxide, which is dismutated to oxygen and hydrogen peroxide. MPO released from the azurophilic granules of neutrophils generates hypochlorous acid from H 2 O 2 and chloride ions (Cl Ϫ ) during respiratory burst of neutrophils. The subsequent products formed are chlorine, chloramines, hydroxyl radicals, singlet oxygen, and ozone that can damage cellular targets in vivo (85, 86) . Other than these oxidants, neutrophils also produce serine proteases like neutrophil proteinase-3 and elastase, which further aggravate hepatocyte damage (87) . Our results suggested an association of NF-B, oxidative stress, and neutrophil infiltration in liver in the form of a vicious cycle under hemolytic conditions. Thus, it is clear that persistent hemolysis leads to continuous supply of free heme, which is very toxic to major organs. Liver consists of 60 -65% hepatocytes (parenchymal cells) by number. Hepatocytes make up to 70 -80% of total cytoplasmic mass of liver (88) . The rest are nonparenchymal cells. The changes in NF-B signaling certainly occur in hepatocytes of malaria-infected mice but may also take place in nonparenchymal cells or infiltrating phagocytes.
To confirm that free iron and reactive oxidants derived from free heme play a major role in liver damage during malaria, we used a heme-interacting iron chelator and a reactive oxidants scavenger. If free iron (derived from heme) and reactive oxidants are the main causes of oxidative stress, NF-B activation, and neutrophil infiltration in liver, then administration of a heme-interacting iron chelator and reactive oxidants scavenger would reduce these events and protect the liver under conditions of severe hemolysis. The data suggested that reactive oxidants scavenger and iron chelator (DFO) and the antioxidant (NAC) reduced NF-B activation in liver, expression of chemokines like KC and MIP2, and expression of endothelial cell adhesion molecules like Icam1 and Vcam1. Furthermore, scavenging of reactive oxidants and chelation of free iron prevented not only oxidative stress but also neutrophil infiltration into liver and therefore effectively prevented liver injury under hemolytic conditions. DFO has heme-interacting, iron-chelating, and radical-scavenging properties (63) (64) (65) . NAC is not an iron chelator, rather it is an effective free radical scavenger. Although we did not find an increase in iron per mg of liver in infected mice on day 8 with respect to infected mice on day 0, we presume that the immediate participation of Fe(II) in Fenton's reaction leads to the generation of free radicals. Free iron is then sequestered by ferritin and redistributed by hepcidin from the hepatocytes to the liver macrophages and spleen (89) . The iron chelator would therefore counter the immediate oxidative stress.
DFO has been used to protect patients from toxic effects of iron overload, especially in cases of thalassemia and transfusion-dependent anemias (90) . NAC was chosen over other reactive oxidants scavengers because of its strong efficiency to enter inside cells and less toxicity in comparison with other reactive oxidant scavengers. NAC has been used as a reactive oxidant scavenger in vivo (91, 92) . Neither DFO nor NAC reduced the parasite burden at the dose used indicating that the hepatoprotective effect of DFO and NAC was not due to any antiparasitic effect. The dose of DFO and NAC was decided on the basis of their efficiencies. Because DFO and NAC significantly prevented inflammation-induced changes in the liver of malaria-infected mice, we can conclude that reactive oxidants play a major role in eliciting inflammatory changes in liver during malaria. However, such inflammatory changes may also be induced simply by parasite infection and other factors.
This led us to propose that both free iron and reactive oxidants, derived from heme, act as triggers for oxidative stress and neutrophil infiltration in liver. Oxidative stress and neutrophil infiltration are linked with each other through NF-B activation. Other than the use of iron chelator and reactive oxidant scavenger, the use of anti-neutrophil antibody and anti-TNF␣ antibody can be other options to diminish this cycle of reactive oxidant generation. Anti-neutrophil antibody may prevent neutrophil infiltration but it would not deter the generation of oxidative stress in liver due to the accumulation of free heme and iron. To protect liver or any major organ damage due to accumulation of free heme and subsequent neutrophil infiltration in malaria, a combination therapy of antimalarial and antioxidant-iron chelator is highly recommended. We therefore conclude that under conditions of acute hemolysis, liver can be protected by reactive oxidants scavenger and an iron chelator.
